Deep-sea Bathymodiolus mussels, depending on species and location, have the capacity to host sulfuroxidizing (thiotrophic) and methanotrophic eubacteria in gill bacteriocytes, although little is known about the mussels' mode of symbiont acquisition. Previous studies of Bathymodiolus host and symbiont relationships have been based on collections of nonoverlapping species across wide-ranging geographic settings, creating an apparent model for vertical transmission. We present genetic and cytological evidence for the environmental acquisition of thiotrophic endosymbionts by vent mussels from the Mid-Atlantic Ridge. Open pit structures in cell membranes of the gill surface revealed likely sites for endocytosis of free-living bacteria. A population genetic analysis of the thiotrophic symbionts exploited a hybrid zone where two Bathymodiolus species intergrade. Northern Bathymodiolus azoricus and southern Bathymodiolus puteoserpentis possess species-specific DNA sequences that identify both their symbiont strains (internal transcribed spacer regions) and their mitochondria (ND4). However, the northern and southern symbiont-mitochondrial pairs were decoupled in the hybrid zone. Such decoupling of symbiont-mitochondrial pairs would not occur if the two elements were transmitted strictly vertically through the germ line. Taken together, these findings are consistent with an environmental source of thiotrophic symbionts in Bathymodiolus mussels, although an environmentally "leaky" system of vertical transmission could not be excluded.
Since the discovery of dense animal communities at deepsea hydrothermal vents along the Galapagos Rift (12) , vent physiologists and ecologists have focused much of their attention on the symbiotic relationships between invertebrate animals endemic to the vents and the chemoautotrophic microbes responsible for carbon fixation (6, 7, 10, 11, 21, 24) . For example, mouthless, gutless, vestimentiferan tubeworms (phylum Annelida, family Siboglinidae) are emblematic of hydrothermal vents. Adult worms rely entirely on sulfur-oxidizing (thiotrophic) endosymbionts for their nutrition. The bacteria are housed in specialized cells (bacteriocytes) located in a large organ called the trophosome. Despite this complete dependence of adults on bacteria, juvenile worms must acquire the bacteria anew in each generation from the local environment (14, 37) . In contrast, vesicomyid clams transmit their thiotrophic endosymbionts vertically between generations via the egg cytoplasm (5, 19, 32) . The clams possess reduced or vestigial digestive tracts (3) and house their symbionts in their gill epithelia (20, 42) . Other examples of symbiosis in vent animals are reviewed by Van Dover (48) , but little is known about their modes of symbiont acquisition or transmission.
Bathymodiolus mussels are among the dominant constituents of deep-sea vents and sulfide-hydrocarbon cold seeps worldwide. These mussels present a level of symbiotic complexity that is not seen in the tubeworms and clams. Some Bathymodiolus species house thiotrophic microbes in gill tissue bacteriocytes, others harbor methanotrophic microbes, and some harbor both types of symbionts (9, 18, 26, 43 ). Though mussels have functional guts and retain an ability to feed on suspended organic matter and bacteria, the digestive tract is greatly reduced in most species (22, 25, 33) . Preliminary cytological investigations revealed conflicting evidence regarding symbiont acquisition. Le Pennec et al. (35) suggested that Bathymodiolus mussels acquire thiotrophic symbionts horizontally by endocytosis through gill epithelium. Subsequently, Cary and Giovannoni (5) suggested that the symbionts might be transmitted vertically. However, the diffusive gonads of mussels and strong background hybridization with symbiontspecific RNA probes made it impossible to specifically localize symbionts to mussel eggs or ovarian nurse cells (C. Cary, personal communication). Vertical transmission was also inferred from a phylogenetic study of bivalve host families and associated thiotrophic ␥-subdivision proteobacterial symbionts that showed some congruence of branching patterns (16) . Thus, subsequent authors have assumed vertical transmission of thiotrophs in Bathymodiolus mussels (38, 40, 47) . Nevertheless, the vertical transmission hypothesis has not been tested directly in Bathymodiolus as it has been in vesicomyids (32) .
This study employed genetic and cytological approaches to examine the transmission of thiotrophic symbionts in a natural population of Bathymodiolus mussels. First, we used transmission electron microscopy (TEM) to assess evidence for environmental acquisition of microbes via endocytosis across the gill surface. Second, we used a genetic approach to test for vertical transmission. The latter approach derives from recent findings with the vent clam Calyptogena magnifica (32) . Population genetic analysis revealed that the clam's thiotrophs behave as if they were completely coupled (i.e., genetically linked) with the hosts' mitochondria, an example of strictly cytoplasmic maternal cotransmission (SCMC) (32) . In this study, we exploited a recently discovered hybrid population of mussels from the Mid-Atlantic Ridge (MAR) (39) to test the SCMC hypothesis. The northern and southern mussel species (Bathymodiolus azoricus and Bathymodiolus puteoserpentis, respectively) differ diagnostically in their mitochondrial DNA (mtDNA) sequences, and they intergrade along an intermediate segment of the MAR axis ( Fig. 1) (39) . We show that the two species share the same 16S ribotype of thiotrophic ␥-subdivision proteobacteria. However, the two host species carry different bacterial strains marked by divergent ribosomal internal transcribed spacer (ITS) sequences. Combined screening of bacterial ITS and host mtDNA sequences allowed a test of the SCMC hypothesis in mussels from the hybrid zone population.
MATERIALS AND METHODS

Specimens.
We used the deep-sea submersible Alvin to collect Bathymodiolus mussels from six hydrothermal vent fields along the MAR ( Fig. 1) (Table 1) . Aboard the research vessel, we immediately froze whole small mussels (length, up to 25 mm) at Ϫ70°C. Larger specimens were dissected, and samples of adductor muscle, gill, and mantle tissues were frozen at Ϫ70°C. Gill tissues from representative individuals were fixed in 2% glutaraldehyde (electron microscopy grade; Sigma), diluted in 0.2 M filtered seawater, and stored at 4°C. These gill samples were postfixed for TEM, dehydrated, infiltrated, and polymerized using microwave techniques (29) . Thin sections were cut, stained with lead citrate, and placed on Formar-coated grids for viewing with either a JEOL 100B or a 1200EX TEM.
Molecular methods. We used a DNA isolation kit (Qiagen, Inc., Valencia, Calif.) to extract host and bacterial DNAs from tissue samples. For mitochondrial studies, we excised a small portion (ϳ50 mg) of adductor muscle. Methods for amplification, sequencing, and restriction fragment length polymorphism (RFLP) analysis of the mitochondrial ND4 sequences were previously described (36) . Bacterial DNA was extracted from a gill tissue sample (ϳ50 mg) from each mussel. To specifically amplify DNA sequences from the thiotrophs, we designed a series of primer sets targeting the ITS region and flanking16S rDNA of the ribosomal operon (Table 2) (17, 18, 28, 40) . To aid the design process, we used Clustal X version 1.81 (46) to align published sequences from the following bacteria. To analyze Bathymodiolus gill symbiont 16S rRNA, we used B. puteoserpentis (GenBank accession number U29164; methanotrophic endosymbiont), FIG. 1. Map of MAR hydrothermal vent fields and sample collection localities with average depths in meters: localities with mussels (F) and the TAG (Trans-Atlantic Geotraverse) hydrothermal field (E), which had no mussels. Purified templates were sequenced using Big Dye Terminator cycle sequencing reaction kits (PE Biosystems, Foster City, Calif.) and ABI Prism 3100 DNA sequencers (Applied Biosystems, Inc., Foster City, Calif.). Bidirectional sequences were obtained using the same forward and reverse PCR primers. PCR products from individuals found to contain multiple symbiont sequences were reanalyzed by cloning and sequencing. These heterogeneous PCR samples were purified by gel excision, cleaned with the Qiaquick gel purification kit (Qiagen, Inc.), and cloned using the TOPO TA cloning kit (Invitrogen, Carlsbad, Calif.). Colonies grown on agar plates were cultured in liquid Luria-Bertani medium overnight, and plasmid DNAs were extracted with the Qiaquick plasmid miniprep kit (Qiagen, Inc.).
Southern blot analysis of bacterial ITS was conducted with genomic DNA extracted from gill tissues. We used TspRI to digest 14 g of genomic DNA from a sample of 10 mussels (a representative individual from both of the parental species and 8 individuals from the hybrid population, including 4 mussels harboring single-symbiont types and 4 mussels harboring mixed-symbiont types). Restriction fragments were separated in a 1% agarose gel and transferred to a nylon membrane (Hybond Nϩ membrane; Amersham Pharmacia Biotech, Inc., Piscataway, N.J.). A single B. azoricus mussel (Lucky Strike [LS] locality) was used to generate a thiotroph-specific ITS probe (350 bp) that was a product of the SYM-ITS607 (forward, 5Ј-TGG CTC CAC CAC ATT GTT T-3Ј) and SYM-ITSR (reverse, 5Ј-TCA TAC AGT TAG TAT TTC ACC-3Ј) primers (Table 2) . Fluorescent labeling of the probe, hybridization, and signal amplification of hybridized probe were performed according to the manufacturer's protocols (Amersham Bioscience, Inc., Piscataway, N.J.). We quantified the relative amount of labeled probe bound to target DNA with the FluorImager and ImageQuant software (Amersham Bioscience).
Assignment test and phylogenetic methods. We used the computer program WHICHRUN version 4.1 (1) to estimate the likelihoods of assignment of individual mussels to either of the parental species. The allozyme and mtDNA data used in this analysis were obtained from a study of cytonuclear disequilibrium in the hybrid zone study (51) . The probability of obtaining each multilocus genotype (based on five allozyme loci and one mitochondrial haplotype) is estimated from the combined (multiplicative) probability of obtaining each single-locus genotype in a reference population. These are based, in turn, on the randommating expectations of obtaining each single-locus genotype in each parental population. Samples from the parental populations comprised 79 northern (B. azoricus) and 32 southern (B. puteoserpentis) individuals. We used the logarithm of the odds (LOD) ratio as a criterion for assignment and designated ranges of Ϯ2 as guides for assignment of individuals to parental populations. A LOD score greater than ϩ2 or less than Ϫ2 implies a less than 1% chance of error in assigning a genotype to one of the two parental groups. Estimates of pairwise sequence divergence and phylogenetic analyses among host and symbiont sequences were obtained with MEGA version 2.1 (34) .
Nucleotide sequence accession numbers. The new symbiont ITS sequences have been deposited in GenBank under accession numbers AY235678 (sym-az), AY235679 (sym-pu1), and AY235680 (sym-pu2).
RESULTS
Microscopy.
To assess whether Bathymodiolus spp. might obtain symbionts from the environment, we performed TEM analysis on the gill tissue from several hybrid zone mussels. The thiotrophs are rod-or coccus-shaped in cross section, ranging in size from 0.5 to 2.0 m ( Fig. 2A and B) (9, 22, 23, 26) . The methanotrophs are also coccoid and range in size from 1.4 to 2.0 m, but they possess the characteristic stacked membranes of Type 1 methanotrophs (8, 9) ( Fig. 2A and B) . All symbionts were encapsulated in vacuoles within the bacteriocytes, typically containing many thiotrophs and one methanotroph per vacuole ( Fig. 2A and B) . The apical surface of the bacteriocytes possessed numerous microvilli ( Fig. 2A  through C) . Invaginations and discontinuities in the membrane at this surface are consistent with the process of endocytosis (Fig. 2B and C) . Evidence for digestion of bacteria is found in the basal region of some of the sectioned bacteriocytes. Numerous lysosomal vesicles possess large amounts of membranous material, which is assumed to be bacterial remnants (Fig.  2D) .
Host mitochondrial variation. A 721-bp region of mtDNA, encompassing two transfer RNAs (166 bp) and the first third of the ND4 coding sequence (555 bp), was used in determining genetic variation between mussel hosts. All mussels from the northern region (Menez Gwen (Table 3) . Average sequence divergence between ND4 sequences from the two species was ϳ11%. Thirteen amino acid substitutions distinguish the ND4 coding regions of the mt-az and mt-pu haplotypes. Representative ND4 sequences of the two types were previously deposited under GenBank accession numbers AF128533 (B. puteoserpentis, the mt-pu type) and AF128534 (B. azoricus, the mt-az type) (36) .
Symbiont ITS variation. Approximately 1,200 bp of the symbiont 16S rDNA ITS sequence was amplified with Sym-ITS-1322F forward and Sym-ITS-23SR reverse primers. An 1,113-bp portion of this product was used to examine genetic diversity among the endosymbiotic thiotrophs. Comparison of DNA sequences of the PCR-amplified ITS was confined to a region that included 152 bp from the terminus of 16S rDNA, all of ITS, 85 bp of tRNA-Ala, 77 bp of tRNA-Ile, and 3 bp of 23S rDNA. Based on variation in the ITS region, we identified three distinct bacterial strains that could be grouped into two major lineages, sym-az and sym-pu (Fig. 3) . The sym-az and sym-pu lineages exhibited fixed differences at 11 positions that included a 2-bp indel at sites 492 to 493, a 1-bp indel at site 654, and eight nucleotide substitutions. Sym-pu comprised two subtypes, sym-pu1 and sym-pu2, which differed at five positions. Sym-az exhibited a single polymorphism, substituting A for C at nucleotide position 352.
Outside the hybrid zone, the sym-az and sym-pu types corresponded exactly with the northern and southern mitochondrial ND4 haplotypes, mt-az and mt-pu (Table 3) . Only the sym-az-mt-az pair occurred at the northern vent fields (MG, LS, and RB), and only the sym-pu-mt-pu pair occurred at the southern fields (SP and LO). Analysis of an extended region of bacterial 16S rDNA sequences (1,425 bp) in mussels taken from northern and southern parental regions revealed a single common ribotype sequence (GenBank accession number AY235677) that was coupled with both the sym-az and the sym-pu ITS sequences. However, at one northern locality VOL. 69, 2003 ENVIRONMENTAL CAPTURE OF MUSSEL ENDOSYMBIONTS 6787
(RB), we found a second ribotype (GenBank accession number AY235676) that differed at three nucleotide positions and was also coupled with sym-az ITS.
The hybrid zone sample of 47 mussels contained both the sym-az and sym-pu symbiont sequences, though sym-pu was far more abundant (Table 3) . Forty-two mussels, harboring sympu, were evenly divided between individuals with the mt-az (n ϭ 18) and mt-pu (n ϭ 24) mitochondrial haplotypes. No hybrid zone mussels had just sym-az, but five mussels contained both the sym-az and the sym-pu sequences. These mixed ITS types were first detected in PCR-generated DNA sequences, but cloning and sequencing confirmed the occurrence of both sequences in individual mussels. Mixed ITS sequences (sym-pu1-sym-pu2) were also observed in a sample of 10 individuals from the LO vent field, which is outside the hybrid zone (Table 3) . Cloning and sequencing from one of these LO individuals also confirmed the presence of both sym-pu1 and sym-pu2 variants.
The mixed-symbiont sequences from individual mussels could result from the co-occurrence of distinct symbiont strains, or they might be due to variation among two or more (homologous) ribosomal operons within individual microbial cells (13) . To assess these alternatives, we performed Southern blot analysis (Fig. 4) . The sym-az and sym-pu ITS sequences encompass a polymorphism at position 957 that is recognized by TspRI restriction endonuclease. Three nonpolymorphic TspRI sites also occur in the flanking 16S rDNA region. The 350-bp ITS probe discriminated between sym-az-and sym-puspecific RFLP fragments that differed by ϳ150 bp. All northern and southern parental individuals showed only a single band (A or P, respectively), as predicted from the sym-az and sym-pu1 sequences (Fig. 4 , lane 1 versus lane 10). Four mixed individuals from the hybrid zone exhibited both the P and A bands in various ratios (Fig. 4, lanes 2 through 5) . The fifth mixed individual was small and provided insufficient DNA for the Southern blot analysis. Variation in the ratio of P and A bands ranged from 0.108 to 0.695. The remaining hybrid zone mussels exhibited only the P band. Various band ratios in the mixed mussels might result from multiple operons if we hypothesize the existence of at least eight ribosomal copies com- homologous sequences. We consider this scenario highly unlikely, however. A simpler hypothesis is that the mixtures resulted from co-occurrence of divergent ITS strains that varied in proportion among individual mussels. Correspondence of mtDNA and symbiont ITS in hybrid zone. To assess possible origins (parental immigrants versus native hybrids) of hybrid zone individuals, we conducted a genotypic assignment test based on the previously published allozyme and mitochondrial ND4 data (51) . Here, we superimposed the symbiont types on these genotypic assignments of individual hybrid zone mussels. A plot of log-likelihood scores of multilocus genotypes from the two parental species was capable of assigning most individuals to the correct parental population (Fig. 5A) . A few northern mussels (6 out of 79 individuals) could not confidently be assigned to B. azoricus. All southern individuals were confidently assigned to B. puteoserpentis (Fig. 5A) . As expected, genotypic assignments of hybrid zone mussels spanned the entire field of likelihoods (Fig. 5B) . What is relevant to the present study is the assignment of hybrid zone individuals with mixed (sym-az-sym-pu1) ITS types (Fig. 5B) . Four of the five mixed-symbiont mussels were assigned to B. azoricus. Although assignment of the fifth mixed-symbiont mussel was equivocal, it also fell within the region expected for parental B. azoricus. The multilocus genotypes of these mixed-symbiont mussels were consistent with expectations for recent immigrants to the BS locality.
DISCUSSION
The present cytological and genetic analyses are completely consistent with horizontal transfer as the primary mode of acquisition of thiotrophic ␥-subdivision proteobacteria by Bathymodiolus spp. mussels. Transmission electron photomicrographs of gill tissue bacteriocytes show a potential path for environmental endocytosis of bacteria by these mussels, as previously suggested (31, 35) . Apical portions of bacteriocytes contained intracellular bacterium-containing vacuoles, often connected to cell membranes by narrow ducts (Fig. 2 ) that appear to contact the external environment. Similar open vacuoles are found in bacteriocytes of a vent gastropod, Alviniconcha hessleri, which is believed to acquire its thiotrophic endosymbionts environmentally (19) . Open vacuoles are also found in another symbiont-bearing vent gastropod, Ifremeria nautilei (50) , and in a thyasirid cold-seep clam, Maorithyas hadalis (27) . Endocytosis of free-living bacteria appears to be a common path used by vent and seep mollusks to acquire chemoautotrophic symbionts. In contrast, vertical transmission of symbionts via the egg cytoplasm, as seen in vesicomyid and solemyid bivalves (4, 5, 19, 30, 32) , may be less common among mollusks.
Discovery of a hybrid zone involving B. azoricus and B. puteoserpentis mussels from the MAR (39) provided a window through which we could view the transmission mode of thiotrophic endosymbionts. According to the SCMC hypothesis, symbionts that are transmitted strictly vertically through the egg cytoplasm should behave as if they are coupled (i.e., genetically linked) with the host's mitochondria (32) . In a hybrid zone between species that possess genetically divergent mitochondria and symbionts, these cytoplasmic elements should remain coupled as long as there is no possibility of leakage or horizontal transfer among host individuals. We examined species-specific sequence differences in the host mitochondrial ND4 gene (mt-az and mt-pu) and ribosomal ITS regions (sym-az and sym-pu) to test the SCMC hypothesis. Clearly, host mitochondrial and symbiont types of hybrid zone mussels occurred in new combinations not observed in either of the parental species, a result that is inconsistent with expectations of the SCMC hypothesis. We also interpreted apparent mixtures of thiotrophic symbiont sequences from individual mussels as being inconsistent with expectations from the SCMC hypothesis. Strictly cytoplasmic transmission of symbionts should quickly lead to homoplasmy of symbionts, as it does for mitochondria (2) . Each egg generation creates a population bottleneck that will be accompanied by random loss of symbiont variation, resulting in fixation of a single symbiont type. Several mussels from the hybrid zone and all mussels from a nonhybrid locality (i.e., LO) exhibited multiple symbiont ITS sequences. Although we cannot completely exclude the possibility that the mixed ITS sequences derived from multiple divergent (homologous) ribosomal operons in each bacterial cell, we consider this hypothesis highly unlikely given the variable proportions of these sequences seen among individual host mussels. Coinfection of these mussels by multiple thiotrophic strains is a simpler explanation. These mussels were simultaneously infected with methanotrophic endosymbionts, but the ITS region of the methanotrophs (S. Hallam, unpublished data) differed greatly from that of the thiotrophs. Our design of thiotroph-specific primers allowed us to clearly discriminate among the ITS regions of the two symbiont species.
Although we can reject SCMC for these mussels, the present results do not necessarily prove the alternative, that the thiotrophic symbionts are acquired strictly de novo from the environment during each host generation. Leaky modes of vertical transmission can also lead to multiple infections and instances of host-symbiont recombination similar to those seen in the present study. For example, predominantly vertical transmission of Wolbachia endosymbionts of some insects is augmented by occasional reinfection, which leads to double infections and potential sorting and replacement of symbiont strains (41, 49) . Also, foreign bacteria might invade the egg cytoplasm via sperm. Shallow-water mytilids transmit mitochondria through eggs and sperm, known as doubly uniparental inheritance (reviewed in references 45 and 52). Thus, sperm leakage and reinfection could produce heteroplasmic mixtures of mitochondria and symbionts that facilitate their decoupling. Nevertheless, cytological investigations of Bathymodiolus sperm and eggs have revealed no evidence for bacterial inclusions (31) .
Preliminary evidence suggests that Bathymodiolus juveniles are infected with symbionts at an early life stage. Electron microscopy revealed the presence of thiotrophic bacteria in newly settled pediveliger larvae of B. azoricus, and symbiontspecific ITS sequences were amplified directly from these larvae (J. Salerno, personal communication). These larvae might have inherited bacteria from their mothers or acquired them immediately following settlement. If acquired from their mothers, or if larvae were infected prior to dispersal from the natal site, symbionts will remain coupled with the mitochondrial types also found at the natal site. Nevertheless, horizontal transfer following settlement at a new locality could replace natal symbionts. This scenario might explain the mixture of symbiont types seen in the five hybrid zone mussels from BS. All five mussels had northern mt-az mitochondria (Table 3) and allozyme genotypes consistent with that of the northern parental species, B. azoricus (Fig. 5 ). Perhaps they carried natal symbionts that were gradually being replaced by local symbionts. Nevertheless, this leaky vertical transmission scenario remains speculative, because the present genotypic assignments had little power with current genetic markers.
The pathways used by vent animals to acquire or transmit symbiotic bacteria have fundamental implications regarding evolutionary histories, biogeography, and ecological constraints affecting hosts and symbionts. Vertical transmission, as seen in vesicomyid clams, is efficient. Dispersing larvae carry the thiotrophic symbionts they need to colonize and grow at nascent vent fields and other sulfide-rich deep-sea habitats. Nevertheless, vesicomyid clams are not common at vents in the Atlantic and Indian Oceans, and their distribution is spotty at Pacific vents. They are far more abundant at cold seeps, where sulfide regimes appear to be more stable (44) . In contrast, the acquisition of locally adapted microbes might provide settling vestimentiferan tubeworms and Bathymodiolus mussels with the flexibility needed to exploit a wider range of geochemical regimes. Vestimentiferans are only abundant at Pacific vents and seeps and in Gulf of Mexico seeps. Bathymodiolus mussels, on the other hand, are nearly ubiquitous at hydrothermal vents, cold-water sulfide-hydrocarbon seeps, and other sites of organic enrichment (e.g., sunken wood and whale bones) in the Atlantic, Pacific, and Indian Oceans (15) . Unlike clams and tubeworms, mussels can exploit thiotrophic and methanotrophic symbionts. Our ongoing study of variation among the methanotrophic endosymbionts of MAR mussels has revealed highly heterogeneous mixtures of bacterial strains, which is consistent with environmental acquisition of these endosymbionts as well (S. Hallam, unpublished data). Perhaps this remarkable capacity of Bathymodiolus mussels to acquire and exploit locally adapted species and strains of thiotrophic and methanotrophic microbes contributes to their wide distribution and ecological success at vents and seeps globally.
